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SUMMARY 

This  program  was  a  systematic  experimental  investigation  of  the 
effect  of  superposing  ripple  loads  on  large  amplitude  cycles  typical  of 
aircraft  maneuver  loads.  Since  an  adequate  data  base  to  define  the 
magnitude  and  frequency  of  occurrence  of  ripple  loads  in  service  was  not 
available,  a  range  of  values  intended  to  represent  a  severe  case  was 
selected. 

From  the  results  of  this  investigation,  it  was  concluded  that: 

1.  Ripple  load  superposition  reduces  the  constant- amplitude 
fatigue  life  of  7075-T6  aluminum  but  consistent,  large  life  reductions 
were  not  apparent  until  ripple  load  amplitude  exceeded  15%  of  the 
amplitude  of  the  primary  load  cycles. 

2.  Similarly,  superposition  of  ripple  loading  on  the  five  highest 
load  levels  in  a  typical  f ighter/attack  fatigue  spectrum  also  reduces 
fatigue  life,  but  the  life  reduction  is  more  difficult  to  characterize 
in  general  terms. 

3.  Current  methods  of  fatigue  analysis  which  employ  a  local  strain 
approach  were  able  to  predict  the  trends  in  fatigue  life  reduction  caused 
by  ripple  loads  with  reasonable  accuracy  considering  the  scatter  in  the 
test  data.  However,  they  still  had  a  tendency  to  underpredict  the 
magnitude  of  the  ripple  effect,  particularly  for  ripples  of  low  amplitude. 
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INTRODUCTION 

In-service  load  surveys  o£  fighter/attack  type  aircraft  show  that 
typical  high  amplitude  maneuver  loads  are  often  modulated  by  smaller 
amplitude  loads  which  have  a  high  frequency  of  occurrence  (See  Figure  1). 
These  small  amplitude,  "ripple"  loads  are  not  included  in  aircraft  fatigue 
test  spectra  and  are  not  recorded  by  the  current  Navy  fatigue  life  tracking 
system.  The  effect,  on  fatigue  life,  of  these  superimposed  ripple  loads 
in  terms  of  their  amplitude  and  frequency  of  occurrence  is  not  well  under¬ 
stood  and  could  be  a  significant  factor  in  developing  realistic  fatigue 
test  spectra  and  more  accurate  fatigue  life  tracking  systems. 

This  program  was  a  systematic  experimental  Investigation  of  the 
effect  of  ripple  loads  on  fatigue  life.  A  limited  investigation  of  the 
ability  of  current  fatigue  life  analyses  to  predict  these  effects  was 
also  performed. 

TEST  SPECIMENS 

The  test  specimens  used  for  this  investigation  are  shown  in  Figure  2. 
The  specimens  were  made  from  0.125  in.  thick  7075-T6  aluminum  alloy  sheet. 
Approximately  2.5  in.  at  each  end  of  the  specimen  were  used  for  gripping 


in  the  test  machine. 
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The  nominal  gross  area  of  the  specimen  is  0.246  in.2  and  the  nominal 
net  section  area  is  0.215  in.2  From  Figure  86,  Page  150  of  Peterson^2), 
the  stress  concentration  factor,  Ktn,  based  on  net  section  stress  is  2.67. 

The  static  tensile  strengths  of  the  test  specimens  are  given  in 
Table  1. 


TEST  PROGRAM 

The  constant-amplitude  test  matrix  is  outlined  in  Table  2.  The 
baseline  test  data  were  obtained  for  the  trapezoidal  loading  cycles 
depicted  in  Figure  3.  The  0.25  second  interval  between  trapezoidal 
cycles  was  due  to  the  program  time  limitations  of  the  programmer. 

Although  the  trapezoidal  loading  cycle  is  not  entirely  representative  of 
actual  flight  loading  conditions,  it  was  selected  to  simplify  the  analysis 
for  the  superposed  loading  condition.  Additional  baseline  tests  for  the 
sinusoidal  loading  cycle  shown  in  Figure  3(b)  were  performed  to  determine 
if  the  shape  of  the  load  cycle  would  influence  the  test  results.  As 
shown  in  Figure  4,  the  constant-amplitude  lives  for  the  sinusoidal  and 
trapezoidal  cycle  shapes  are  essentially  identical.  The  shape  of  the 
load  waveform  with  ripple  loads  superposed  upon  the  trapezoidal  loading 
is  show  in  Figures  3(c),  (d) ,  and  (e). 

The  spectrum  loading  test  matrix  is  shown  in  Table  3.  The  spectrum 
used  corresponds  to  the  fighter  spectrum  A  of  MIL- A- 8866  (ASG)  with  an 
assuMd  limit  load  factor  nz  *  7.33g.  Because  of  the  capacity  limitation 
of  the  load  prograMor,  the  spectrum  was  limited  to  positive  loads  only 
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TABLE  1 

SPECIMEN  STATIC  STRENGTH 


SPEC. 

NO. 

t 

(in.) 

w 

(in.) 

fiSi 

S-2 

.1258 

1.9705 

.24789 

S-3 

.1256 

1.9714 

.24761 

S-4 

.1255 

1.9736 

.24769 

^net, 

(in.2) 

%et 

(ksi) 

■ga 

.21644 

18100 

83.63 

73.02 

.21621 

17940 

82.97 

72.45 

.21631 

18060 

83.49 

72.91 

83.36 

72.79 

CONSTANT  AMPLITUDE  TEST  MATRIX 
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Superposed ,  B  -  2  (e.)  Superposed 
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and  was  applied  in  50  hr.  equivalenC  blocks  as  follows: 

X  L.L. _ 35  45  55  65  75  85  95  105  115  125 

N  850  475  325  225  125  75  15  8  2  1 

f<Hz>  5  5  5  4  4 

Because  of  che  capacicy  limitation  of  the  load  programmer,  the  super¬ 
posed  sinusoidal  ripple  loading  was  applied  to  the  85%  and  higher  load 
levels  only.  The  lower  load  level  for  each  cycle  was  zero  rather  than  the 
load  corresponding  to  the  level  flight  lg  load  to  simplify  the  load  cycle 
and  to  make  it  compatible  with  the  constant-amplitude  cycling. 

The  baseline  test  data  were  obtained  for  the  spectrum  shown  above 
with  the  cycles  between  35%  and  75%  limit  load  applied  sinusoidally  at 
the  frequencies  noted.  Cycles  at  85%  limit  load  and  above  were  trapezoidal 
so  that  sinusoidal  ripple  loading  could  be  superposed  as  for  the  constant- 
amplitude  tests.  The  tests  were  performed  for  four  different  stress 
levels,  S^g,  as  shown  in  Table  3;  the  corresponding  limit  load  stresses, 

STI ,  are  also  shown. 

TEST  METHOD 

All  tests  were  performed  in  a  20  Kip  closed- loop  servohydraulic 
test  machine  equipped  with  self-aligning  hydraulic  grips.  The  test 
loads  were  monitored  throughout  by  an  amplitude  measuring  unit  utilizing 
both  an  oscilloscope  and  a  peak  reading  digital  voltmeter. 

All  test  data  is  reported  as  life  to  failure  and  therefore  includes 
both  the  crack  initiation  and  crack  growth  stage. 
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TABLE  3 

SPECTRUM  LOADING  TEST  MATRIX 


RIPPLE 

STRESS 

Sr(KSI) 

SPECTRUM  STRESS 

LEVEL  (KSI)  1 

4.0 

4.4 

4.8 

5.2 

&LL 

105 

35.18 

$3.12 

BASELINE 

0 

m 

2 

2 

2 

2 

4 

2 

2 

2 

2 

8 

B  -  1 

2 

2 

2 

2 

12 

4 

2 

2 

2 

4 

2 

2 

2 

2 

SUPERPOSED 

8 

B  -  2 

2 

2 

2 

2 

12 

2 

2 

2 

2 

4 

■ 

■KB 

B 

8 

B  -  4 

12 

I 

Hi 

H 

10 
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TEST  RESULTS  AMD  DISCUSSION 

Constant  Amplitude  Loading 

The  baseline  (B  *  0),  constant  amplitude  date  for  a  trapezoidal 
and  sinusoidal  loading  cycle  are  given  in  Table  4  and  plotted  in 
Figure  4.  It  is  apparent,  from  the  latter,  that  cycle  shape  has  no 
effect. 

Results  for  the  constant  amplitude  ripple  load  test  matrix  are 
presented  in  Tables  5  thru  7  and  plotted  in  Figures  5  through  9. 

While  some  trends  can  be  perceived  in  this  data  (mean  life  curves  are 
shorn),  the  data  scatter  and  small  sample  size  make  conclusions 
precarious,  especially  in  interpreting  the  effect  of  the  smallest, 
i.e.,  4  ksi  ripples.  In  order  to  unify  the  results,  the  mean  life 
data  for  each  ripple  condition  was  normalized  with  respect  to  the  mean 
ripple-free  (B  ■  0) ,  life  at  each  level  of  maximum  stress.  The 
normalized  results  are  given  in  Table  8.  Again,  it  is  apparent  that 
some  of  the  results  are  anomalies.  For  example,  the  life  ratio 
for  SR  -  4,  B  -  2  is  higher  than  for  SR  ■  4,  B-  l.  However,  ripple 
loads  above  8  ksi  in  amplitude  produce  a  substantial  reduction  in  life 
with  the  greater  reduction,  as  would  be  expected,  evident  at  higher 
amplitudes  and  higher  ripple  ratios. 

Spectrum  Loading 

Spectrum  test  results  are  given  in  Table  9  and  are  plotted  in 
Figures  10  thru  13.  These  test  results  are  normalized  to  the  mean 
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LIFE  TO  FAILURE 


CONSTANT  AMPLITUDE  LOADING 


BASELINE  DATA,  B  «  0 


LIFE,  N  -  CYCLES 


(1)  Failed  in  grips  -  not  included  in  average  values. 


A 
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LIFE  TO  FAILURE 


CONSTANT  AMPLITUDE  LOADING 


SUPERPOSED  CYCLE  RATIO.  B  * 


SR  ■  4  ksi 


LIFE  TO  FAILURE,  NT  -  CYCLES 


8  ksi 


3686 


3848  av 


3590  av. 


=  12  ksi 


3190  • 

3750 

3228 


3389  av. 


18512 


6820 

7128 

4578 


16175 


13505 

15211 

20034 


16250 


53839 

56368 

58525 


56244 


135266 

61808 

86219 


94431 


48154 


43202 


52467 
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TABLE  6 

LIFE  TO  FAILURE 
CONSTANT  AMPLITUDE  LOADING 

SUPERPOSED  CYCLE  RATIO,  B  =  2 


-2 _ _ _ _ _ _ _  . 

LIFE  TO  FAILURE,  NT  -  CYCLES 


ISM 

S^  =  8  ksi 

4146 

4196 

4167 

5894 

.3813 

4287 

6134 

4256 

3658 

5391  av. 

4088  av. 

4037  av 

10611 

8407 

6829 

12863 

9533 

7843 

9927 

7842 

6282 

11134 

8594 

6985 

35788 

23295 

16282 

22798 

.28928 

8476 

22656 

27651 

11268 

27081 

26625 

12009 

44582 

29582 

62759 

31246 

90394 

24521 

65912 

28450 
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LIFE  TO  FAILURE 


CONSTANT  AMPLITUDE  LOADING 


SUPERPOSED  CYCLE  RATIO,  B  =  4 


^max 

(ksi) 


LIFE  TO  FAILURE,  NT  -  CYCLES 


S  =  4  ksi 

R 


Sr  =  8  ksi 


SR  =  12  ksi 


3881 

4190 

4439 


4170  av , 


6448 

10647 

9015 


8703 


18903 

23562 

16522 


19662 


36663 
45944 
64  3  50^ 


41304 


269748;*' 

526745(1' 

48318 

57735 


53026 


3346  av. 


13012 


23548 

28385 

23175 


25036 


43619 
67820' 
75375 ( 


43619 


3096  av 


8408 

10698 

9559 


9555 


27456 


21222 


23184 


(1)  Specimen  failed  in  grips;  not  used  in  determining  average  value 
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N,  Cycles  to  failure 

Figure  5  --  Constant  amplitude  loading,  SMAX  -  20  ksl 
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N,  Cycle*  to  failure 

Figure  7  --  Constant  amplitude  loading,  SMAX  •  28  ksl 
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Constant  amplitude  loading,  SMAX  -  44  leal 
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TABLE  8 
LIFE  RATIOS 

CONSTANT  AMPLITUDE  LOADING  WITH  RIPPLES 


in 

S' 

max  (ksi) 

B 

44 

36 

28 

22 

Baseline 

0 

1.000 

1.000 

1.000 

1.000 

4 

0.679 

0.711 

0.724 

0.832 

1 

8 

0.634 

0.607 

0.633 

0.536 

12 

0.598 

0.558 

0.636 

0.477 

4  ' 

0.952 

0.914 

1.060 

0.975 

2 

8 

0.722 

0.706 

1.042 

0.421 

12 

0.713 

0.574 

0.4  70 

- 

4 

0.736 

0.715 

0.769 

0.611 

4 

8 

0.591 

0.581 

0.509 

0.370 

12 

0.547 

0.426 

0.374 

0.314 

22 
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ripple-free  (B  -  0)  life  at  each  spectrum  stress  level  in  Table  10. 

These  results  also  show  negligible  life  reduction  caused  by  ripple  loads 
until  the  ripple  amplitude  exceeds  8  ksl.  Under  these  test  conditions, 
tdiere  spectrum  design  limit  stress  ranged  from  29  ksi  to  38  ksi,  an 
8  ksi  ripple  cycle  is  a  relatively  large  percentage  of  limit  stress 
and  a  significant  life  reduction  would  be  expected. 

ANALYSIS  RESULTS 

Fatigue  life  tracking  systems  now  being  proposed  for  Navy  aircraft 
will  measure  and  record  stress  ripples  which  exceed  15%  of  design  limit 
stress  (see  References  1  and  6).  It  therefore  becomes  an  Important 
question  whether  the  accompanying  fatigue  analysis  can  account  for  the 
ripple  effects. 

Two  types  of  analysis  were  applied  to  selected  ripple  test 
conditions.  The  first  was  the  Fa lmgren- Miner  linear  cumulative  damage 
approach,  and  the  second  was  a  typical  sequence  accountable  method 
which  tracks  the  local  stress/strain  history  by  modelling  the  hysteresis 
loops.  The  Palmgren-Miner  analysis  was  applied  using  S  vs.  N  data  for 
7075-T6  derived  from  MIL-HDBK-5C  (See  Figure  4).  The  seauence  accountable 
method  used  existing  stress/strain  vs.  life  data  for  7075-T6. 

Total  life  predictions  in  general  were  poor,  tending  to  be  highly 
conservative  unless  the  predictions  were  matched,  ex-post- facto,  to  the 
ripple-free  test  data.  Miner's  analysis,  however,  was  non- conservative  for 


0.217  0.443  0.342  0.459 
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conditions  of  =  28  ksi  where  large  scatter  is  evident  in  the  test 

data.  To  display  the  sensitivity  of  the  analysis  methods  to  the  ripple 
effects,  the  predictions  were  normalized  to  the  ripple-free  life.  Comparisons 
between  the  test  life  ratio  and  predicted  life  ratio  for  selected  constant 
amplitude  and  spectrum  conditions  are  presented  in  Tables  11  and  12.  Figure  14 
shows  a  graphical  comparison  of  test  life  vs.  predictions  by  a  sequence  account¬ 
able  analysis.  The  comparisons  show  that  a  simple  Miner's  analysis,  in  general, 
underpredicted  the  ripple  effect  for  both  constant  amplitude  and  spectrum 
loading.  The  sequence  accountable  method  was  more  sensitive  to  the  ripple 
effect  and  gave  life  ratios  which  were  reasonable,  considering  the  scatter  and 
sometimes  inconsistent  trends  in  the  test  data. 
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TABLE  11 

LIFE  RATIOS,  TEST/ANALYSIS  COMPARISONS 


CONSTANT  AMPLITUDE  LOADING 


B 

Sr 

Sjnax  3 

>  44 

Smax  a 

36 

C  a 

amax 

28 

Smax 

■  22 

TEST 

P/M 

TEST 

P/M 

TEST 

P/M 

TEST 

P/M 

SAA 

0 

0 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

4 

.68 

1.00 

.71 

1.00 

.72 

1.00 

.83 

1.00 

.98 

1 

8 

.63 

.94 

.61 

.99 

.63 

1.00 

.54 

1.00 

.92 

12 

.60 

.89 

.56 

.90 

.64 

.96 

.48 

1.00 

.81 

- 

4 

.95 

1.00 

.91 

1.00 

1.06 

1.00 

.98 

1.00 

.97 

2 

8 

.72 

.89 

.71 

.98 

1.04 

1.00 

.42 

1.00 

.85 

12 

.71 

.80 

.57 

.82 

.47 

.93 

- 

.99 

.68 

4 

.74 

1.00 

.72 

1.00 

.77 

1.00 

.61 

1.00 

.94 

4 

8 

.59 

.80 

.58 

.96 

.51 

1.00 

.37 

1.00 

.74 

12 

.55 

.67 

.43 

.69 

.37 

.89 

.31 

.98 

.52 

P/M  *  Palmgren/Miner  Analysis 
SAA  *  Sequence  Accountable  Analysis 
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Ripple  Stress,  SR  ksi 
(b)  Spectrum  loading,  S^q  •  4.0  ksi 


Figure  14  -  Life  Ratios;  Comparison  of  Test  Life  vs 
Sequence  Accountable  Analysis 
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CONCLUSIONS 


An  experimental  Investigation  was  performed  to  determine  the  effect 
on  fatigue  life  of  superposing  small  amplitude  ripple  load  cycles  on  the 
larger  amplitude  cycles  characteristic  of  aircraft  maneuver  loads.  Two 
fatigue  life  prediction  methods  were  also  investigated  to  determine  whether 
they  could  predict  ripple  load  effects.  From  the  results  of  this  program, 
it  is  concluded  that: 

1.  While  ripple  load  superposition  reduces  the  constant  amplitude 
fatigue  life  of  7075-T6  aluminum,  consistent  large  life  reductions  were 
not  apparent  until  the  ripple  load  amplitude  exceeded  15%  of  the  amplitude 
of  the  primary  cycles  and  the  number  of  ripples  exceeded  2  cycles  per 
cycle. 

2.  Superposition  of  ripple  loads  on  the  five  highest  load  levels 
of  the  MIL- A- 8866  (ASC)  fighter /attack  spectrum  also  reduces  fatigue 
life,  but  the  life  reduction  is  more  difficult  to  characterize  in 
general  terms  because  of  the  complexity  of  the  spectrum  and  the  scatter 
in  the  test  data. 

3.  Miner's  analysis,  in  general,  underpredicted  the  life  reductions 
produced  by  ripple  loads  for  both  constant  amplitude  and  spectrum  tests. 

A  sequence  accountable  fatigue  life  prediction  which  tracks  the  local 
notch  stress/strain  history  was  more  sensitive  to  the  ripple  effect 

and  gave  reasonable  predictions  of  the  ripple-free  to  ripple- Imposed 
life  ratios  considering  the  small  sample  size  and  scatter  of  the  test 
data.  However,  the  sequence  accountable  analyses  also  tended  to  underpredict 
the  magnitude  of  the  life  reductions  produced  by  ripple  loads. 

34 


-  -'*4-— 


NADC- 81190-60 


RECOMMENDATIONS 

Results  of  this  experimental  study  show  that  ripple  loads  can  have  a 
significant  effect  on  structural  life;  however,  the  amplitude  and  frequency- 
of-occurrence  of  ripple  cycles  in  this  study  were  relatively  severe  and  may 
not  be  representative  of  the  real  service  environment.  It  is  recommended 
that  airloads  data  from  existing  sources,  such  as  operational  surveys  and 
the  Tactical  Aircrew  Combat  Training  System,  be  reviewed  to  determine  actual 
ripple  load  content  and  its  effect  on  structural  life. 

Customary  life  prediction  analyses  tend  to  underpredict  the  actual  effect 
of  low  amplitude  ripples.  This  inaccuracy  may  be  of  greater  consequence  in 
predicting  the  life  of  transport/patrol  type  aircraft  which  experience  num¬ 
erous  low-amplitude  gust  cycles.  The  introduction  and  decay  of  local  residual 
stress  is  an  aspect  of  fatigue  analysis  which  affects  the  accuracy  of  struc¬ 
tural  life  predictions  for  this  type  of  load  spectra,  but  the  phenomenon  is 
not  well  understood.  Research  into  residual  stress  behavior,  perhaps  with 
instrumented  super-scale  specimens,  would  improve  the  accuracy  of  fatigue 
analysis  for  applications  to  gust  loading  and  to  other  unusual  spectra 
such  as  those  containing  ripple  loads. 

Other  research  (Reference  7),  has  shown  that  ripple-type  loading  can 
have  a  significant  effect  on  the  crack  propagation  stage  of  structural  life. 
Since  crack  propagation  analysis  is  now  commonly  used  to  protect  aircraft 
safety  during  service  life  extensions,  it  should  be  determined  whether  the 
combination  of  in-service  data  acquisition  methods  and  related  crack  growth 
analysis  adequately  account  for  ripple- type  loads  encountered  in  service. 
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